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Abstract
Accurate knowledge of heat transfer to materials in recombining plasmas is needed
to improve heat shield designs. A lack of understanding of the chemical component
of surface heating motivates the use of conservative assumptions with regards to
surface catalysis in the design of thermal protection systems (TPS) that detrimentally
impact payload capability. Chemical heating is the release of potential energy from
recombining reactive species on the surface to form molecules. For a stable surface
interacting with partially-dissociated air, the chemical heating component is due to
surface-catalyzed recombination reactions of atomic O and N to produce molecular
O2, N2, and NO. Unfortunately, heat flux measurements provide no fundamental
information about the surface recombination pathways involved, or how the energy
reaches the surface. Rather, they give a total heating rate.
This work has taken steps to advance the current poor understanding about the
chemical energy transport to and from material surfaces in high-temperature, re-
combining plasmas. A combination of spatially resolved laser-based diagnostics and
emission spectroscopy was used to measure the number densities and gradients of the
reactants (N, O), the products (NO, N2) and the energy distribution of recombined
molecules (NO, N2) in the boundary layer adjacent to a plasma heated material.
Laser excitation can probe individual species by electronic state (atoms) and by elec-
tronic, vibrational and rotational states (molecules). Emission can probe the radia-
tive emission for a range of species and electronic, vibrational and rotational states of
both atoms and molecules. These measurements of spatial variations in species con-
centrations through the boundary layer are directly related to near-surface gas-phase
chemistry and energy exchange and have provided experimental information that was
not currently available. Results provide the initial steps to determine recombination
rates and the energy deposited on the surface due to surface catalyzed recombination
of atomic nitrogen and oxygen in air plasma.
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The mass required for entry, descent and landing (EDL) systems represents a signif-
icant constraint on planetary exploration missions. On atmospheric entry, a vehicle
may form a detached bow shock that results in the partial dissociation and ionization
of molecules and atoms. Thermal Protection Systems (TPS) have been developed to
protect vehicles from these harsh, chemically active and erosive conditions. In this
post-shock region, the gas relaxes towards Local Thermodynamic Equilibrium (LTE)
as it flows towards the vehicle’s surface where more reactions may occur.
A material’s catalycity is an influential property that can effect likelihood of cer-
tain reactions and their rate. A higher catalytic material promotes exothermic re-
combination reactions on the surface. A highly catalytic material can generate up
to 2 times the heating of it’s moderate/non-catalytic counterparts for the same aero-
thermal heating conditions [1]. Limited understanding of this chemical heating com-
ponent leads to the use of conservative surface catalysis assumptions in the design
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of TPS that detrimentally impacts payload capability [2]. Because chemical heating
is a direct result of reactive species forming molecules and depositing some of their
recombined energy on the surface, an understanding of these recombination pathways
is vital to accurately define this heating component [3]. This has led to past efforts
to characterize the effects on stagnation point heat transfer due to surface catalyzed
reactions efficiencies [1, 3, 4].
1.2 Surface Recombination
For a stable surface, interacting with partially-dissociated air, the chemical heating
component is due to surface-catalyzed recombination reactions. In air plasmas, a
common approach is to model surface recombination with the parallel, uncoupled
homogeneous reaction pathways:
O +O + [s]→ O2 + [s] (1.1)
N +N + [s]→ N2 + [s] (1.2)
where [s] represents a site where recombination occurs on the surface. However,
this simplified approach does not include the heteronuclear recombination pathway
of atomic oxygen and nitrogen to produce nitric oxide (Eq. 1.3).
O +N + [s]→ NO + [s] (1.3)
Often this pathway is not considered because it increases the complexity in the
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surface chemistry modeling and is poorly understood. This is due partly to rela-
tively little data on this particular reaction. However, initial experiments in room
temperature showed the presence of recombined NO in side-arm reactors [5]. This
led to new models that included NO recombination on the boundary surface which
improved agreement with experimental data [6]. Additional tests were conducted
over a range of temperatures between 300 K and 1200 K that measured recombined
NO on the surface [6, 7]. These findings were further supported with arc-jet data at
flight-relevant conditions that showed the presence of recombined NO over various
surfaces [8]. Efforts to produced better surface chemistry models that include NO
recombination require a better understanding of the catalytic surface recombination
effects [9]. While experimental data has shown the rise in NO and the expected decline
of N atom on the surface, the O atom population stays relatively constant [5–7,10,11].
A possible explanation for this phenomenon is the fast gas-phase reaction:
N +NO → N2 +O. (1.4)
This fast reaction is able to resupply an O atom while NO is being formed on the
surface. The N atom population is decreased due to the production of NO and N2 near
the surface. An important first step in understanding these gas-surface interactions
is to analyze the energy distribution within NO leaving the surface.
1.3 Energy Accommodation
To characterize the newly formed NO on the surface, the energy distribution through-
out the recombination process must be understood. The physics and chemistry of a
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surface-catalyzed recombining process is illustrated in Fig. 1.1 through a NO molec-
ular potential energy vs internuclear spacing diagram. Energetically excited nitrogen
and oxygen atoms combine to produce nitric oxide molecules that begin with their full
dissociation energy, which represents maximum vibrational energy. The equivalent
vibrational temperature at recombination (∼75,500K) is far from equilibrium with
the surface temperature (<1000K) and so the molecules may leave the surface before
the vibrational energy is fully relaxed. As indicated on the figure, the newly formed
molecules likely leave some energy on the surface, Esurf , while retaining ENO when
they leave.
Figure 1.1: NO Potential Diagram
Experimental data has shown elevated populations of vibrationally excited NO
compared to LTE models predictions suggesting a system that may not be fully re-
laxed energetically [11]. Measuring the number density of NO molecules and their
rotational, vibrational and electronic energy can help characterize the energy distri-
bution within the recombined molecule. The energy deposited on the surface, Esurf ,
can be ascertained through the characterization of the ENO leaving the surface. Once
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the energy deposit on the surface is known, the energy accommodation coefficient for
NO can be calculated. Accurate energy accommodation values are vital in determin-
ing the chemical heating due to surface recombination of atomic oxygen and atomic
nitrogen to molecular O2, N2, and NO as seen in Eq. 1.5:
qchem = w˙O2βO2∆EO2 + w˙N2βN2∆EN2 + w˙NOβNO∆ENO (1.5)
where w˙ , is the molecular production rate at the surface, ∆E is the molecular
dissociation energy, and β is the energy accommodation coefficient (the fraction of
recombination energy deposited on the surface). The maximum energy for each re-
action is limited to the dissociation/recombination energy of O2, ∼5 eV, N2, ∼9eV
and NO, ∼7eV [3]. Of the quantities that define the chemical heating contribution
to the surface, the first three have been, and are being, investigated in plasma facili-
ties [8,10,12–16]. However, the last quantity, energy accommodation, has rarely been
addressed, and then for only a very narrow range of conditions [17,18]
This thesis intends to advance the present very uncertain state of knowledge about
chemical energy transport to and from material surfaces in high-temperature, recom-
bining plasmas. It will quantify the amount of energy deposited on the surface from re-
combining species by measuring the population and energy of the recombined species
leaving the surface. This requires measuring the number of nitric oxide molecules
that are formed on metallic surfaces in high-enthalpy air plasmas and measuring
their energy, including rotational, vibrational and electronic forms. The measured
populations and energy distributions can provide information to aid the development
of more accurate, physics-based models of the net energy transport to surfaces for
planetary entry thermal protection.
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Chapter 2
ICP Facility and Experimental Ar-
rangement
2.1 Inductively Coupled Plasma Torch
The University of Vermont is host to a 30-kW Inductively Coupled Plasma (ICP)
Torch facility used to analyze gas-surface interactions of high-enthalpy plasma flows
that simulate atmospheric entry [19]. The facility is designed to match the stagnation
point heat transfer on entering an atmosphere. A subsonic plasma flow is produced to
simulate the post-shock region that occurs at hypersonic speeds. Matching stagnation
point heat transfer can replicate flight data and be compared to other facilities through
total enthalpy, total pressure and the boundary layer edge velocity gradient [19]. A
visual comparison of in-flight and ICP facility conditions is shown in Figure 2.1.
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Figure 2.1: Comparison of boundary layer formation of atmospheric re-entry flight condi-
tions and UVM ICP test conditions. Non-equilibrium boundary layer formation identified
by red dashed line.
Arc-heated facilities are a more common method for producing high enthalpy
flows in the U.S. than ICPs. However, they are expensive and subjected to possible
contamination. Strong copper emission line are present in flow due to discharged
copper particles from the arc’s electrodes. Thru magnetic field coupling, ICP torch
facilities use electron excitation to heat the gas and produce contaminate free flow [19].
The main components of UVM’s facility are: the radio frequency (RF) power
supply, the gas injection system (gas bottles, volumetric flow meters, gas injection
block and quartz tube), cooling system, vacuum pump and the test chamber. A lab
schematic is shown in Figure 2.2 with a full overview of the operational and testing
capabilities presented in Table 2.1. The facility is able to provide chemically pure air,
N2, O2, CO2, and Ar plasmas (or mixtures thereof) allowing for most atmospheres to
be simulated at relevant trajectory conditions.
Mass flow controllers (MKS M100B), that are calibrated for each specific gas,
control the flow rate into the injector block (Fig. 2.3a) from the pressurized gas
7
Figure 2.2: Schematic of subsystems within the UVM 30kW ICP Torch Facility. The
power supply, plasma chamber, gas injection system, and water cooling systems are shown
[Tillson AIAA 5].
Table 2.1: UVM ICP Torch Facility Specifications
Parameter Specification
Test Gas Air, Ar, N2, O2, CO2
Power 30 kW @ 2-3 MHz
Cold Wall qstag 10-100 W/cm-2
Enthalpy Range 5-20 MJ/kg-1
Mach <0.3 & >1.0
Test Pressure 100 to 200 Torr
bottles. The gases are mixed into a uniform mixture and move passed the brass
insert along the sides of the 36 mm inner-diameter quartz tube. The insert aligns
the flow in an annular orientation and creates a low pressure zone at the insert’s
end causing the gas to recirculate. At this location, a water-cooled alternating RF
induction coil surrounds the quartz tube. It is connected to UVM’s 30 kW power
supply, a Lepel Model T-30-3-MC5-TLI-RF induction heating power generator. The
outputted power through the coils is controlled via a standard 3 phase alternating
current converted to high voltage direct current which imposes an alternating current
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of 2-3 MHz on the coil. The recirculating gas couples with the coil’s magnetic field,
heating and ionizing it, which produces the plasma ball. This phenomena is seen in
Fig. 2.3. The plasma exits the quartz tube into the test chamber that is kept at a
constant pressure (160 torr). The jet moves vertically through the chamber where
it meets a sample. The flow continues up through a heat exchanger and is released
outside the lab. More information on inductive heating and UVM’s ICP torch facility
can be found in references [19,20].
(a) Schematic of UVM’s gas injection
block
(b) Coupled plasma with quartz tube and
induction coil
Figure 2.3: Gas injection block assembly and effective coupled plasma [19]
2.2 Sample Design and Material
All samples used in this study utilize the same basic geometry that consists of a body
diameter and depth of 25 mm with a corner radius of 3 mm. The samples are designed
to work with the facility’s insertion probe and lets water flow against the back face to
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allow extended, steady state testing of materials that would otherwise melt rapidly. A
view of a water-cooled copper sample in a full air plasma is shown in test in Fig. 2.4.
The flow travels upwards from the chamber base towards the sample. Due to little
expansion as the plasma leaves the quartz tube it maintains a similar 36mm radius as
the inner diameter of the quartz tube. Both the stagnation line and boundary layer
locations are indicated for future reference. Different sample materials were tested
to show the effects of catalytic behavior on gas-surface interactions. Samples made
from copper, fully-catalytic, and reaction-cured glass (RCG), non-catalytic. Surface
temperature is measured by either a high temperature pyrometer, a low temperature
pyrometer and/or an IR camera that have a detectable range between 1000-3000K,
700-1400K and 500-1800K, respectively. Both pyrometers can operate in 2-color mode
that allows it to measure temperature without an inputted emissivity. The IR or

















Figure 2.4: Copper sample in a air plasma
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2.3 Emission
UVM’s plasma torch was designed with multiple orthogonal viewports allowing visual
access on 3 sides of the test chamber. Fused silica windows are used to allow a
variety of optical equipment and measurements to be taken. One such technique,
emission spectroscopy, is a simple, non-intrusive method to measure excited specie’s
concentrations along a line of sight within highly energized plasmas. The process relies
on an energetically excited atoms or molecules spontaneously relaxing and emitting.
A schematic of the facilities emission collection and detection system is shown in Fig.
2.5 where the collection volume and path are indicated by the dashed line.
Figure 2.5: Emission spectrometer setup. 1) Test chamber 2) Flat mirror (25 mm diame-
ter) 3) Aperture 4) Lens tube 5) 300 mm focal length converging mirror (50 mm diameter)
6) Fiber optic
To reduce the necessary footprint while maintaining a 1:1 ratio from the sample
to the spectrometer, a z-fold setup was implemented. At a distance of 300 mm, one
focal length, from the jet center, a 50 mm diameter converging mirror was used to
focus emission back onto a flat 25 mm diameter mirror and then through an aperture
to a fiber optic. The adjustable aperture allows for a controlled collection volume.
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The signal is then transmitted through the fiber into one of two spectrometers. The
Ocean Optics HR4000CG-UV-NIR spectrometer was used to take broadband emission
ranging from the UV to the NIR while higher resolution UV emission required the
Ocean Optics HR2000+. The specifications for both spectrometers can be seen in
Table 2.2. Information on the calibration and alignment procedures can be found in
references: [21–23].
Table 2.2: UVM Spectrometer Specifications
HR4000CG-UV-NIR HR2000+
Wavelength 0.20-1.10 µm 0.2-0.42 µm
Slit Width 5 µm 5 µm
Grating HC-1 300 G/mm HC-1 300 G/mm
FWHM 1.65 nm 1.0 nm
Resolution 3648-element linear-array CCD 2048-element linear-array CCD
A brief description of the relevant bands are included below.
• N atom: The three 4D0 →4 P , 4P →4 P 0 and 4P →4 S0 transitions apart of
2p23s - 2p2(3P)3p are centered at 869.2-nm, 821.2-nm, and 745.2-nm respec-
tively [21,24].
• NO-γ: The A2Σ+ → χ2Πr electronic transition of nitric oxide. Relevant features
focused on in this work are the 214.859nm (1-0), 226.243nm (0-0), 236.271nm
(0-1) and 247.058nm (0-2) vibrational band heads [25].
• NO-β: The B2Πr+ → χ2Πr electronic transition of nitric oxide. Relevant
features focused on in this work are between 200-400nm [25].
• N2 2nd-Postive: The C3Πu → B3Πg electronic transition of molecular nitrogen.
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Relevant features focused on in this work are the 315.801-nm (1-0), 337.028-nm
(0-0) and 357.578-nm (0-1) band heads [21,25].
A commercial program, Specair, simulates emission for a variety of species in
LTE. Simulated spectra for UV species of interest, indicated above, are shown in Fig.
2.6 for a high and low temperature. The graph shows normalized spectra to allow
clear representation of each feature and how they change with temperature. A low
temperature of 2000 K and a high temperature of 7000 K were selected as they are
around the lowest and highest expected temperatures in the torch.






























































Figure 2.6: Speciar Simualted Emission
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2.4 Laser Configuration
UVM is host to a pulsed laser system that can be seen in Fig. 2.7. A Continuum
ND6000 dye laser, running a DCM/methanol mixture, is pumped by 532 nm light
from a Continuum Powerlite Nd:YAG (neodymium-doped yttrium aluminum garnet)
laser. This provides a tuning wavelength range between 615-635 nm. The second
harmonic generator (SHG) frequency doubles the tuned dye frequency. The dye and
double frequencies combine in the third harmonic generator (THG) to create fre-
quency tripled light in the UV between 206-212 nm. Due to all three frequencies (dye
fundamental, doubled and tripled) overlapping each other, the harmonic separator
utilities a series of 4 prisms to separate and block all but the desired UV light while
maintaining the same exit trajectory of the beam with changing wavelength.
Figure 2.7: UVM’s laser system
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The extracted beam, at the desired frequency, travels down a periscope consisting
of two prisms followed by a 20/80 beam splitter. The 20% is directed towards the
Flow Reactor (FR) which can be used with and without a microwave discharge. Nitric
oxide titration is used to produce known atomic populations. The MDFR is kept at a
known pressure(∼0.5 torr for O and N atom and ∼0.1 torr for NO), and temperature,
∼298 K, that allows performance characteristics of the laser to be determined. The
rest of the beam is sent to the ICP torch where a set of steering and shaping optics
are used to pass the beam through the test chamber. Prisms were used to keep
a constant beam path with varying UV light. Translation stages are used to give
precise 3-axis control of the beam traveling through the chamber. Spatial resolution
of boundary layer measurements are made moving along the stagnation line covering
4 mm upstream from the sample, to capture the full boundary layer. The beam
is focused slightly past the sample, while this slightly reduces the spatial resolution
of the measurements, it prevents the possibility of saturation. Fluorescence signals
are measured with gated Hamamatsu R-636-10 PhotoMultiplier Tubes (PMTs) at
both the ICP and MDFR.Appropriate spectral filters were used ahead of each PMT
to reject non-fluorescence light. Molectron energy meters recorded the laser energy
at both locations. All signals were processed by Stanford Research Systems (SRS)
SR250 Gated Integrators without any preamplifiers. The PMT signal at the ICP is
split and sent to a second boxcar gate with the same width but timed just before
the laser pulse to record a background emission from thermal excitation of the target
species. The laser and boxcar system was synchronized by a SRS DG545 digital delay
generator.
Following input from Dr. Jay Grinstead of NASA ARC, a newly developed scheme,
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for sum frequency mixing to generate UV wavelengths has been installed. This second
method allows for a greater tuning range with a single laser dye which reduces the
need to change dyes. This can save time switching between probed species, a process
that used to cause time delays of up to a 1 day to change dyes but now takes as
little as 10 minutes to switch a few optical components. Additionally, there is less
environmental impact because the production of toxic waste (old dye mixtures) is
reduced. The newly acquired and necessary THG and beam steering/shaping optics
are shown installed in the facility in Fig. 2.8.
(a) Third harmonic generating crystal in-
stalled in Nd:YAG.
(b) Beam combining and stear optics ahead of
SFM/THG.
Figure 2.8: Newly installed optics and parts for the SFM scheme.
As in the previous method, the tunable light is produced with the same dye.
Additionally, the recently obtained THG, installed in the Nd:YAG, produces 355 nm
light. Both, the dye fundamental and 355 nm wavelengths bypass the SHG. The 355
nm light passes through a series of collimating and steering optics that overlap it with
the dye fundamental before they are summed and generate the UV frequency beam.
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Again, similar to the THG method, the desired wavelength is selected through the
harmonic separator. The laser layout for this new scheme is shown in Fig. 2.9.
Figure 2.9: Laser bench configuration to produce 224-226 nm UV light
An additional benefit of the SFM scheme has been a narrower laser line width that
should improve the precision of our LIF measurements. Comparative scans for the
energy normalized fluorescence signal of the old THG method and new SFM method
for atomic oxygen in the MDFR are shown in Fig. 2.10. Due to the narrower laser line
width, the SFM scheme is less broad than the old THG scan. Additionally, it resolves
the hyperfine structure of the 2p3P ← 3p2P triplet transition of atomic oxygen (Fig.
2.11) more clearly. More in-depth information on this LIF technique and subsequent
emission used in this comparison is provided in Section 3.2.1.
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(a) Frequency tripled scheme (b) Sum frequency mixing Scheme
Figure 2.10: O atom J=2 laser scan accessed with different methods
The narrower line width is due to both the new scheme and the line width of the
355 nm light. In the old method, the laser width is continuously expanding after it
leaves the Nd:YAG all the way through the UV generated light. In the new scheme,
the final UV frequency is only summed where there is enough energy present for both
wavelengths during mixing. This, in turn, eliminates the low energy edges of both
beams and limits the new size to a maximum width of the smallest mixing beam.
Here, the 355 nm light, directly out of the Nd:YAG, produces a very narrow laser
line width which combined with the mixing process, creates a UV beam that is much
narrower compared to the THG line width [26,27].
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Laser Induced-Fluorescence (LIF) is a common technique used to study flow phenom-
ena. It is a minimally intrusive process that consists of two parts: absorption and
emission. Laser radiation excites an atom or molecule from an initial state, usually
the ground state, to an excited energy state. The following spontaneous emission
(fluorescence) from this excited state to either the ground or nearby states is ob-
served [28]. Presented in Fig. 3.1a are the potential energy curves for two electronic
energy states and their vibrational energy levels. The LIF process is shown through
the photon absorption, exciting the molecule, and subsequent emission that is de-
tected and measured as fluorescence.
The LIF technique is advantageous over other methods because of the ability
to probe ground state specie populations [28]. These measurements are important
because they are usually the most heavily populated states. Additionally, unlike emis-
sion or absorption spectroscopy, LIF is does not require axisymmetric flow and Abel
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Inversion calculations to spatially resolve the measurements. A LIF measurement is
contained to a localized point defined by the intersection of the detection aperture
and laser beam. This can be seen in a generic LIF experimental configuration where
the intersection of the collection optics focus and laser beam produces a point-wise
measurement that allows for high spatial resolution shown in Fig. 3.1b.
(a) The molecular energy process
that occurs within an diatomic
molecule.
(b) Schematic of a simple
LIF system.
3.2 LIF Excitation Strategy
A key objective of this work is to provide spatially resolved measurements of key
species involved in NO recombination. Continuous, steady flow conditions allow time
to probe species using LIF measurement techniques and thereby quantify the species’
spatial distributions for eventual comparison with computational simulations. Due to
the possible reaction pathways discussed previously, LIF measurements of O-atom,
N-atom and NO molecule have been attempted.
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3.2.1 Two-Photon LIF
In high enthalpy and largely dissociated flow the major species are often atoms.
Atoms have large energy spacing between electronic energy levels and most current
laser systems are unable to match the required energy to promote this excitation.
However, utilizing two or more photons can often provide the required frequency.
A two-photon absorption laser induced fluorescence (TALIF) excitation strategy was
used in this study for both atomic species (O and N- atom), as shown in Fig. 3.1. Light
at a frequency near 226 nm was used to excite the 2p3P ← 3p2P triplet transition
of atomic oxygen with subsequent detection at 845 nm. Atomic nitrogen utilizes
the 2p34S0 ← 2p23p4D0 two-photon excitation at 211 nm with 2p23p4D0 ← 2p23p4P
emission at 869 nm. This transition was selected over the more favorable 207 nm
transition due to strong low temperature NO absorption within the test chamber
overlapping the excitation process [11]. Section 3.6 will continue the discussion of
NO absorption.
3.2.2 Single-Photon LIF
Some molecules do not require the same required energy as atomic species to reach an
excited state. Because of this, single-photon LIF was used to probe for recombined
NO on the surface. When selecting a preferable NO scan range, one must contain
a low temperature feature for the flow reactor and high temperature feature that
does not overlap a low temperature transition for the ICP. Due to low temperature
NO recirculating on the edges of the test chamber that can absorb the beam energy
similar to the issue with 207 nm excitation for N atom a low temperature transition
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Figure 3.1: TALIF process for Oxygen atom (Left) and Nitrogen atom (Right)
within the ICP is not useable and therefore requires it’s own transition. Another
ideal element is for the range to be located near a current excitation wavelength
for another probed species. This facilitates switching between NO and other species
without a costly and time intensive dye change. LIFBase, a simulation program for
LIF excitation and emission, was used to determine the best transitions to probe [29].
A LIFBase simulated spectra for NO-γ at a low and high temperature is shown in
3.2. To show the close proximity to the O-atom (J”=2) transition, discussed earlier,
a scan taken in the MDFR is shown on the negative y-axis.
A zoomed in plot of the selected scan range and its to main features are shown in
Fig. 3.3. Consisting of an optimal feature for the ICP torch (high temperature tran-
sitions) and an optimal feature for the flow reactor (low temperature transitions) are
within it’s boundaries. Feature 1, ideal for the ICP, consists of the P12(33)+P2(33)
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Figure 3.2: NO A-X LIFBase simulation at 160 torr for 400 K and 3000 K represented in
the positive scale. O-atom J”=2 shown on the negative scale.
transitions while feature 2, ideal for the FR, consists of the S21(10)+Q21(21)+Q1(21)
transitions [10]. This range has been used previously in this facility and was the initial
range used in this work.
Effort was placed on finding a second NO-γ range that contained a variety of
rotational and vibrational energy levels while keeping necessary scan factors. The
new range was located between 225.44 nm and 225.475 nm with excitation of the
P2(35)+P12(35) transitions in the ICP and the R1(17)+R21(17) transitions in the
FR shown in Fig. 3.4. The key benefit that this range holds is the addition of
multiple vibrational and rotational bands that are individual transitions at higher
temperatures. The clear distinction between features allow for greater understanding
of the energy distribution within the recombined NO. Fig. 3.5 displays the excited
fluorescence separated by lower vibrational state of the transition, v”, over a range of
temperatures from 300 K to 6000 K. Individual features are indicated on the plot. The
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Figure 3.3: Scan range in LIFBase Simulation at high and low temperatures [16]
previously mentioned transitions are all v”=0. At 3000 K, a v”=1 feature, R2(76),
is populated. At 4000 K, a v”=3 feature, Q1(59), is populated. At 6000 K, a v”=4
feature, R1(65) is populated.
Figure 3.4: New NO-γ scan range simulated with LIFBase at 300 K and 3000 K.
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Figure 3.5: NO-γ scan range, separated by v”, simulated with LIFBase at temperatures
between 300 K - 6000 K.
3.3 Surface Location and Beam Size
The surface location was determined by reviewing the ratio of beam energies recorded
at the ICP and MDFR for each measurement location. While the beam traveled
through the ICP away from the surface, it passed in its entirety, maintaining a con-
sistent ratio until the beam began to clip on the sample. As more of the beam is
blocked, the ratio of energies decreased. When the ratio reached 50% it was assumed
half the beam is blocked. Therefore the distance between the onset of clipping and
the location of half the energy was equal to half the beam diameter. This is illustrated
in Fig. 3.6.
A typical plot of the measured beams ratios is shown in Fig 3.7. In the future,
to measure the beam area in the MDFR and improve the accuracy in the ICP, a
Spiricon beam profiler will be used to record the laser energy distribution. From this
image, the beam size at both locations can be extracted at lower uncertainty than
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Figure 3.6: The affects on the beam centroid caused by clipping on the surface.
the current method implemented in the ICP.
Figure 3.7: Standard pulse energy ratios from a boundary layer survey with of clipping
(dashed red line) and the surface (greyed area) indicated.
3.4 Collisional Quenching
Collisional quenching is an important factor when interpreting measured fluorescence
and is largely affected by temperature and pressure. Testing is performed at a con-
stant pressure but when a sample is injected into the flow it creates a large temper-
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ature gradient over a very short distance that introduces significant deviation from
mole fraction species in equilibrium. Unfortunately, there is little data on the effects
of quenching at high temperatures that are relevant for this study. The approach used
to find the best method to account for quenching was to assume frozen flow for a non-
catalytic surface (quartz) due to the slow three-body recombination rates for atomic
oxygen and nitrogen in the gas-phase. Through comparison of previously measured
spatially resolved N atom signals in a N2 plasma to different temperature dependent
quenching models, it was concluded a T0.5 fit matched best. This comparison between
models and facility data is shown in Fig. 3.8.




To calculate the absolute number density, accurate absorption cross-sections (σa) are
required. It is beneficial to break down the absorption cross-section into the line
shape function, g(ω), and the frequency-integrated absorption cross section, σ0.
σa(ω) = σog(ω) (3.1)
The line shape function is assumed to become unity when integrated across all
frequencies as seen in Eq 3.2.
∫ +∞
−∞
g(ω)dω = 1. (3.2)





where g represents the electronic degeneracy of the state, λ is the wavelength
and A is the Band Einstein A Coefficient. When the relationship between the band
absorption oscillator strength (f) and the Einstein A coefficient in Eq. 3.4 are uti-
lized both the Einstein B coefficient (B12) and the absorption cross-section (σa) were








The wavelength transition, is expressed as ω21 and equals 2picλ21 , e is the charge of
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Calculated cross sections and other important feature properties for relevant tran-
sitions are shown in Tables 3.1.Full list of tableted values used in these calculations
were determined by Laux and can be found in Appendix A [25].
Table 3.1: NO Gamma
v’ v" λ[Å] fv′v” σ12[cm/s]
0 0 2262.43 3.655E-04 6.081E-05
0 1 2362.71 5.925E-04 5.925E-04
2 3 2586.89 3.880E-04 1.382E-04
3 4 2712.62 2.234E-04 2.812E-04
3.6 Low Temperature NO Absorption
As mentioned previously, the plasma enters the test chamber at extremely high tem-
peratures. As the jet travels through the facility it cools rapidly while heating the
surrounding gases (T=∼400K). This introduces low temperature recirculation zones
around the plasma. If a specie is present, in these regions, with a low temperature
transition that overlaps the laser frequency it can have an adverse affect on LIF sig-
nal. As the beam travels through the test chamber, photons are absorbed by this
transition which decreases the available energy for to promote target specie excita-
tion. As the beam travels past the jet to the molectron, more energy is lost. Fig. 3.9
illustrates the laser path and the absorption length through the recirculating zones
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that affects the beam strength.
Figure 3.9: Low temperature NO recirculation zones in the ICP facility.
This problem arises in this work’s motivation for not using the favorable 207 nm N
atom transition and appears in both scan ranges for NO. A low temperature transition
was selected for measurements in the FR, however, this same transition caused large
amounts of absorption within the ICP. The top plot in Fig. 3.10 shows the drop in
ICP energy at the low temperature NO feature compared to the relatively constant
energy throughout the scan in the flow reactor.
3.7 Fluorescence Lifetime
Once excited, the amount of time a particle remains in the excited state before re-
turning to the ground state has an affect on the fluorescence signal. An accurate
understanding of this time is vital for more accurate specie gradients and absolute
number densities throughout the boundary layer. The fluorescence lifetime, time in
the excited state, is often extremely short, lasting as little as a few nanoseconds. The
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Figure 3.10: Molectron energy measurements with low temperature NO absorption
present in the ICP.
lifetime, without competing processes, is dependent solely on the inverse Einstein A
coefficient, A21 which represents the spontaneous emission from state 2 to state 1 [31].
However, other mechanisms present may shorten the lifetime and their effects must
be taken into accounted. The collision quenching rate, Q, represents the collision de-
excitation mechanism and should be included in radiative lifetime calculations. Once




Experimentally, the fluorescence lifetime can be observed by recording the fluores-
cence signal intensity decay over time. With the laser kept at a constant wavelength,
on the peak of the transition, 100-250 temporal traces of fluorescence signals are
recorded and averaged. The resulting fluorescence decay follows an exponential de-
cay function defined as,




where I, is the signal intensity, I0, is the baseline intensity, and τ is the observed
lifetime. A typical temporal plot and fit for O atom in the MDFR is shown in Fig.
3.11 with a calculated lifetime of 26.9 ns. The model fits between 90%-10% of the
peak intensity to remove effects from the laser pulse. An observed lifetime is ideally
recorded for each measurement location of the boundary layer scan.















Lifetime = 26.8552 ns
data
fitted curve
Figure 3.11: Example of a lifetime measurement. Blue: LIF signal, red: fitted curve,
green: background signal, magenta: top and lower limits of fitted curve.
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3.8 Calibration Constant
The collected fluorescence signal is dependent on multiple factors (excitation beam
properties and collection system loses) that have possible affects on the measured
signal. A calibration constant, D, defined in Eq. 3.8, can be implement with units
V cm sr. The parameters involved are presented in Table 3.2 to account for these
effects. A common approach to measure the calibration constant of the system is using
spontaneous Raman scatting in H2. This approach is discussed further in reference






Table 3.2: Quantities involved in absolute number density, using Eq. 3.18
Quantity Description Units
L Effective Length of the light collection system cm
Ω0 Solid angle of the collection lens sr
ηt Transmission of windows and filters -
qe Electron Charge C
ηφ Photocathode quantum efficiency -
Gp Photomultiplier tube gain V
Ga
C
Ratio of preamplifier gain to capacitance V
C
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3.9 Translational Temperature & Species
Concentration
At each spatial location, data is recorded over a small frequency range. This includes
raw PMT signals (SPMT ) and laser pulse energies (Ep) for both the ICP and MDFR.
The signal is normalized to SLIF by dividing the PMT signal by the pulse energy
squared for two-photon excited species (O and N atom) and the pulse energy for
single-photon excited species (NO). A typical laser scan used for atomic nitrogen can
be seen in Fig. 3.12. The top graph shows the normalized ICP signal and the bottom
is the normalized MDFR scan. Both scans are fitted with a Gaussian curve.
Figure 3.12: Typical LIF traces in the ICP and flow reactor
The total line widths, ∆νTot, expressed as Full Width Half Max (FWHM) are
assumed to be the result of solely thermal (Doppler) broadening, ∆νDopp, and laser
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line width broadening, ∆νLaser. It should be noted, collisional broadening is often
ignored at low pressures, as in the FR (0.1-0.6 torr at 300 K), and high temperatures,
as in the ICP (2000-7000 K at 160 torr). Because both broadening mechanisms are
assumed to follow a Gaussian distribution, they can be summed to calculate the
total line width’s in the ICP (Eqs. 3.9a) and FR (3.9b). A constant, α, is 1 for
single-photon processes and 2 for two-photon processes.
(∆νTot,ICP )2 = (∆νDopp,ICP )2 + α(∆νLaser)2 (3.9a)
(∆νTot,FR)2 = (∆νDopp,FR)2 + α(∆νLaser)2 (3.9b)













where ν0, is the center wavelength in wavenumber, M, the mass of target specie
i, kb, is the Boltzmann constant, c, is the speed of light, and T is the translation
temperature. The laser line width was calculated from the total and doppler widths in
the FR. With the newly acquired laser line width and measured total line width in the
ICP, the doppler width and subsequent temperature within the ICP was computed.
The relationship between line widths to calculate temperature is shown in Eq. 3.11.
TICP =
M
(ν0 ∗ 7.162x10−7)2 [(∆νTot,ICP )
2 − ((∆νTot,FR)




Relative number densities can be determined from the spectra integrals of the LIF
signal. Nitrogen atom has shown to be the simplest as it is directly proportional to







where nN is the nitrogen atom number density, SPMT is the PMT signal, Ep is the
laser pulse energy and λ is the wavelength range of integration. Collisional quenching
is accounted for by including the temperature dependence ( P√
T
). The approaches for
oxygen (Eq. 3.13) and nitric oxide (Eq. 3.14), while similar to nitrogen, are more
complex and require an additional factor to account for the population distribution in
the lower state, represented by f(T ). This temperature dependent correction term of
the transition lower state is assumed to follow a Boltzmann distribution. Additionally,













(λ)dλ× fNO(T )−1 (3.14)
For O atom the correction term accounts for the a triplet feature being used. The
strongest of these, J”=2, discussed previously in Section 2.4, was used in this study
and shown in Eq. 3.15.
f0 =
5
5 + 3e−228.75/T + e−326.59/T (3.15)
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For NO molecules, the correction term must account for the larger number of
possible energy levels (vibrational and rotational modes) and therefore a Boltzmann
distribution of the ro-vibrational levels was used,
fNO =
2(2J ′′ + 1)e(−v′′θv−J ′′(J ′′+1)θr)/T
Qtot(T )
(3.16)
where, θr and θv represent the characteristic rotational and vibrational temperature
(2.5 K and 2740 K, respectively for NO [33]). A temperature dependent model for
the total partition sum for NO (Qtot(T )) is derived from a fit to data from HITRAN
2004 database [34]. The resulting expression is a 3rd-order polynomial fit.
Qtot(T ) = −41.817 + 3.648T + 0.00116T 2 + 1.1396x10−7T 3 (3.17)
It should be noted that the HITRAN 2004 data only spans a range from 100K to
3000K but has been extrapolated for cases up to 7000K. Uncertainty from this extrap-
olation is not expected to have a considerable effect due to nitric oxide temperatures
measured largely between 2000K-4000K.
Steps have been taken to improve the number densities measurements from relative
to absolute quantities. To do so, properties of the laser, selected transition and














where the parameters involved are described in Table 3.3. However, a simpler method
to achieve absolute density calibration is done through direct comparison between
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the ICP and the FR. The ratio taken between both locations with the same PMT
and collection optics results in many of the constants cancelling. But still, some
unknowns are still present that must be determined. These include the fluorescence
lifetime, pulse energy, beam diameter, population distribution of the lower state due
to temperature and an accurate calculation of the absolute population in the FR.
This new relationship is shown in Eq. 3.19.
Table 3.3: Quantities involved in absolute number density, using Eq. 3.18
Quantity Description




Ap Beam Pulse Area
hν Photon Energy∫
F 2(g)dt Beam Temporal Profile
G(2) Second-order correlation function
σ12 Specie cross section∫ S
Ep
(ω)d(ω) Integrated, normalized LIF signal
The techniques to measure the fluorescence lifetime and beam area have been
discussed in previous sections 3.7 and 3.3, respectively. The final value required to
calibrate LIF measurements in the ICP is to establish the absolute number density of
the target species within the flow reactor. Due to NO being a stable molecule, the ab-
solute density was determined by filling the cell to a known pressure and temperature
and applying the ideal gas law. For the atomic species a method, described in ref-
erence [14], uses chemical titration of nitrogen atoms that utilizes the fast gas-phase
reaction mentioned in Section 1.2, Eq. 1.4. By varying the titration gas (10% NO
in He mixture) flow rate, a titration endpoint was located where the nitrogen atom
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population is fully consumed by the reaction. From this limit, a relationship between










While this study advanced the facility’s current capabilities to measure absolute
number densities for both atomic species it was unable to fully define all the required





4.1 Boundary Layer Emission Surveys
Emission boundary layer surveys were conducted at the same time as LIF measure-
ments. Profiles started at the edge of the boundary layer (3.5mm) moving towards
the surface for O atom and at the surface outwards for NO and N atom. A coarse,
sweep in the opposite direction was taken to check for possible changes in plasma or
surface oxidation affecting the boundary layer.
4.1.1 Polished Copper Sample
The fully catalytic surface selected for this work was polished copper. For the initial
boundary layer survey over a copper sample the UV-NIR spectrometer was imple-
mented. At the cost of some resolution on features, a much broader view of species
present in the flow was obtained. Species of interest, starting in the UV, consist of
NO at 247nm for the γ band and 338nm for the β band, N2 2nd-positive at 337nm,
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N atom at 745.2, 821.2 and 869.2nm, and O atom at 845nm as discussed in Section
2.3. The 845 nm line was decided for O atom rather than the preferable transition
at 777 nm because the later line was saturated. A saturated signal prevents the de-
termination of how the O atom concentration spatially changes. An integration time
that caused saturation of few lines was used to increase the signal-to-noise ratio of
species in the UV. The results from this preliminary survey are shown in Fig. 4.1.
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Figure 4.1: Top: A sample emission spectra and location for specie tracking indicated
with dashed lines. Bottom: Spatially resolved boundary layer over a copper sample using
the broadband spectrometer.
The top plot is the absolutely calibrated emission intensity 0.6 mm from the cop-
per surface. The vertical dashed lines indicate the locations that peak values were
taken to track a specie’s spatial variation. While integrated spectral areas are a more
ideal method of measuring concentration, peak values were used here as an initial
process in determining which how the boundary layer composition varied spatially.
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The bottom graph presents this spatial fluctuations through self normalized inten-
sity. Normalized values are presented to allow easy interpretation of fluctuations
that would otherwise be difficult to detect due to the large intensity gap between
high emitting (O atom) and low emitting (N2(2+)) species. An analysis was previ-
ously conducted and determined the system’s calibration uncertainty (∆Cal/Cal =
0.028) [22].
While the broadband spectrometer was able to produce a course interpretation
of the boundary layer emitting species, it lacked better resolution in the major area
of interest in the UV. The UV spectrometer was an ideal candidate, with a range
of 200-420nm it encompasses the major species of interest- while greatly improving
the resolution. Additionally, as the higher wavelengths in the NIR were no longer
measured, longer integration time that allowed for increased signal were employed
without fear of saturation of other features. As before, the top graph in Fig. 4.2 is the
absolute intensity spectrum 0.31 mm from the copper surface with specie tracking on
the bottom plot. Dashed lines indicate the location that intensity values are gathered.
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Figure 4.2: Top: A sample emission spectra and location for specie tracking indicated
with dashed lines. Bottom: Spatially resolved boundary layer over a copper sample using
the high resolution spectrometer.
To determine what species are present and emitting, Specair was used to simulate
possible spectra for a variety of species at 3000K (the expected temperature at this
location in the facility). The simulated spectra is plotted over the measured emission
(Fig. 4.3) to show the good agreement throughout. The NO-γ and N2(2+) band heads
are both clearly defined by their vibrational band heads with some influence from the
NO-β that is present across the entirety of the plot. These spectral components are
broken into there unique contributions on the bottom of Fig. 4.3.
Returning to Fig. 4.2, it can be seen there is a strong NO (γ and β) presence far
from the sample. It is relatively constant between 2-2.5mm from the surface where
it begins a steady decline until it reaches the sample yet it does not fully disappear.
To account for emission fluctuations from NO-β on N2(2+) a background intensity,
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just higher than the ∆ν=0 band head, was subtracted from the measured intensity at
N2(2+) wavelength. This resulted in an almost nonexistent population away from the
surface until slightly greater than 1 mm. A steady rise in concentration is found until
0.5mm from the sample where the signal stays constant. At 0.25mm, the intensity
dips to just below 50% of the peak signal at the surface.
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Figure 4.3: Top: Measured emission on y+ and SpecAir at 3000 K simulated on y- axis.
Bottom: SpecAir normalized simulated spectra at 3000 K
To get a more accurate representation of the N2(2+) energy distribution, a better
method of background subtraction was necessary. The excited NO, while changing in
concentration, stayed consistent in it’s energy distribution throughout the measure-
ments taken. This is shown through self normalized emission away from the surface
(2.51mm) and near the surface (0.21mm) overlaid on each other. Both spectra match
extremely well through the NO-γ band heads. The area of separation is the presence
of N2 near the surface where there is none away from it. This means the emitting
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intensity from NO-β can be determined away for the surface. By subtracting this
background NO emission, the true N2(2+) is determined. With absolute intensity
measurements of the N2(2+), the band heads can accurately be integrated. Each
step of this process is shown in Fig. 4.4.
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Figure 4.4: Top: Self normalized emission far and near the surface. Middle: Difference
between surface and freestream emission. Bottom: Spatially resolved integrated area of the
N2(2+) ∆ν=-1, ∆ν=0 and ∆ν=1 bands.
4.2 Radial Profiles
Excited NO was not expected to be seen at the conditions present in the boundary
and free stream which led to the initial belief that the excited NO was being produced
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in the shear layer between the plasma jet and surrounding chamber gases. However,
due to emission being a line of sight measurement, it was collected in the signal.
This hypothesis was checked through a series of radial scans over a copper sample
(catalytic), RCG sample (non-catalytic) and in the free stream. Production of the
species in the shear layer would have a constant population radially until near the
jet edge (∼18mm) where a possible rise, due to the beam focus (maximum influence
on signal) being in the shear layer. Followed by a steep drop off past the jet edge as
there are no more emitting species. Species present in the jet center would be peaked
or steady around the jet center and begin a steady decline well before the edge of the
plasma. All surveys of this nature began at the jet center and moved out radially.
A radial profile of the plasma characteristics without a sample was an important
first test and is shown in Fig. 4.5. The top plot is spectra taken just over 1 mm from
the jet center and the bottom plot’s the radially tracked species. The three species
of interest are the excited states of NO and N2(2+). They are measured and tracked
the same way as discussed for the boundary layer surveys. Both NO intensities start
strong at the center and consist this way until at ∼5 mm where a steady decline to
0 outside the jet is reached. This indicates the likelihood that the excited NO is in
fact at the core of the plasma rather than the edges as previously considered. While,
N2(2+) is tracked and looks to be have a changing concentration, it is believed there
is no N2(2+) present but is due to the noise in the NO-β signal that decreases as the
overall signal is less near the edges. The current spectra shown on the top of Fig. 4.5,
is radially where N2(2+) is supposedly the strongest yet no N2(2+) is seen, further
supporting the belief that there is no excited N2 present in the free stream.
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Figure 4.5: Top: Sample emission spectra and location for specie tracking indicated with
dashed lines. Bottom: Spatially resolved radial profile in the freestream.
The non-catalytic, RCG, sample was inserted into the flow and the results are
shown in Fig. 4.6. The radial profiles between the free stream and RCG are very
similar. The N2 intensity is considered nonexistent for the same reasons as mentioned
for the free stream. The NO trends are slightly different, with a high population
extended out closer to ∼8mm before the same steady decline to 0. It is believed
that this deviation from the free stream is an effect of the flow expanding around the
sample resulting in a flatter distribution of central plasma species.
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Figure 4.6: Top: Sample emission spectra and location for specie tracking indicated with
dashed lines. Bottom: Spatially resolved radial profile over a RCG surface.
The catalytic, copper, sample was inserted into the flow. This radial profile varied
the most compared to the others. The N2(2+) intensity is considered to be present
and the tracking to be an accurate representation. The top plot shown in Fig. 4.7,
reveals clearly that N2(2+) is present. The NO trends are different too. This is the
first survey that did not have the jet center be near the peak NO signal and instead is
closer to 50% maximum intensity. It keeps this relatively low population for ∼5mm
before increasing to a peak value at 12 mm where it drops rapidly for the next 10
mm.
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Figure 4.7: Top: Sample emission spectra and location for specie tracking indicated with
dashed lines. Bottom: Spatially resolved radial profile over a copper surface.
4.3 Boundary Layer LIF Surveys
In conjunction with previously discussed emission scans, LIF measurements were
made at the same time. As both measurements were made together with an a focus
to matching the measurement locations for both diagnostic techniques. The same
survey procedures discussed for emission were followed here. The three species probed
include O atom, N atom and NO. All LIF measurements have been made over a copper
surface that was polished before each test.
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4.3.1 Oxygen
Atomic oxygen was the first specie probed with LIF in this study. As mentioned in
the Introduction, due to the competing gas-phase reaction, oxygen atom population
is expected to stay constant throughout the boundary layer. This allows for strong
detection from the free stream up to the surface. Good signal promotes confidence
in the measured fluorescence and the subsequent calculations and trends. Fig. 4.8,
presents the relative integrated area (top), relative number density (middle), and
temperature (bottom) with respect to the location from the surface. A free stream
condition, 4 mm from the surface, was chosen as the self-normalizing point. The data
was fitted with a polynomial expression shown by a solid line and the uncertainty
is indicated by dashed lines. A previous discussion of the uncertainty analysis is
discussed in [16]. The integrated area and number densities both maintain relative
consistency regardless of location. The measured temperatures far from the surface
match those previously measured in the free stream (∼7000K). Consistent with prior
work, the temperature decreased towards the surface as it nears the surface temper-
ature (∼1200K).
Preliminary absolute number densities were calculated with Eq. 3.19 and pre-
sented in Fig. 4.9. Currently, large uncertainties are associated with the determined
value due to longer than expected lifetimes and less than ideal determination of the
beam area ratios. Improvement on the lifetime measurements and beam analysis is
expected to produce low uncertainties. From the volumetric flow rate, an estimated
number density, used for comparison, can be calculated in the free stream due to
temperatures that result in the full dissociation of molecular oxygen. The measured
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Figure 4.8: Spatially resolved oxygen atom over a copper sample in air. Top: relative
integrated area, Middle: relative number density, Bottom: Temperature
absolute number densities fall within the uncertainty of the estimated O-atom densi-
ties in the free stream. This indicates the effectiveness of this method that will only
improve as measured uncertainties are reduced.
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The next specie surveyed was atomic nitrogen (Fig. 4.10). Integrated area and
number densities have been normalized to signal at 3 mm. Both measurements main-
tained fairly steady values between 2.5-3 mm from the surface. From there, there is a
consistent decline in signal and population. The signal-to-noise decreases (<1.4mm)
causing a rise in uncertainty. This location is indicated by the dashed blue line. The
signal continues to decrease until there is no longer detectable population below 0.9
mm. The values below this point, indicated by the dashed black line, are artificially
forced to zero. The decline of N atom population was expected due to the gas-phase
reactions. The N atom temperatures follow the measured profile from the O atom
survey.













































Figure 4.10: Spatially resolved nitrogen atom over a copper sample in air. Top: relative
integrated area, Middle: relative number density, Bottom: Temperature
Prior work conducted in UVM’s Plasma and Laser Diagnostic facility was able
to measure N atom populations as close to 0.5 mm away from a copper surface
while this study lost signal below 0.9 mm [10]. Due to this discrepancy between
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surveys, energy was placed on determining the detection limit of the system used in
this study. Two methods to improve low population detection were considered: The
aperture settings for the PMT and beam size. Measurements started at 1.4 and moved
towards a polished copper surface. The adjusted settings are the modified PMT
aperture and beam size that produced the maximum signal at that location. The
previous settings indicate the optimal settings (adjusted setting) from the previous
location. The results from this investigation that show N atom population as close
to .4mm from the surface are seen in Fig. 4.11. Therefore, when reviewing the
N atom boundary layer survey previously discussed, it is important to remember
that there is N atom population closer to the surface than detected. To allow for
relative comparisons between measurements a constant setting had to be maintained
throughout the survey. This prevented low signal optimization when those same
settings had to prevent saturation from high signal in the free stream.















Figure 4.11: Nitrogen atom system detection limit over a copper sample in air.
Additionally, absolute number densities were calculated for N-atom survey and
presented in Fig. 4.12. An added benefit of absolute N-atom densities, would allow
for varied detection settings to achieve optimal near surface measurements while still
preventing saturation in the free stream all within the same survey. The densities
are on the expected magnitude in the free stream, supporting the calculations, but
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are slightly lower than the computed O-atom absolute densities which is unexpected
at these temperatures. Effort has been placed on determining the cause for this
discrepancy between measurements.










































































]Figure 4.12: Spatially resolved absolute number density of nitrogen atom over a copper
sample in air.
4.3.3 Nitric Oxide
The final LIF specie surveyed was NO (Fig. 4.13). Four data sets are shown for
relative integrated area: NO (on two different days), NO check and NO-Vib. NO
and NO-Vib are the measurements for the main ICP transition (P2(35)+P12(35))
and vibrational v”=1 transition (R2(76)), respectively, that were discussed earlier.
Relative values for NO are self-normalized to 0.2mm from the surface. This location
was chosen because of it’s high NO signal while being void of affects from the beam
clipping on the surface. The survey started at the surface and move away until
there was no more detectable signal. The "NO check" markers indicate a course
return survey for the same ICP transition. The integrated area for both directions
are nearly identical which indicates there is little to no change on NO production
over time. Both show a rising population trend near the surface and lose almost all
detectability at 1mm. It should be noted, that previous work has measured NO has
far as 2-2.5mm from the surface [10].Their temperatures are similar to those seen
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in Fig. 4.8 for O atom promoting confidence in the ability to calculate translation
temperature for NO. The integrated area for the vibrational transition showed no
real change in signal between the surface and 0.3 mm before disappearing. However,
while present, it was populated at a greater relative proportion to the main transition
than expected for the measured temperatures.
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Figure 4.13: Spatially resolved NO over a copper sample in air.
An interesting result was found when the NO feature 1 (P2(35)+P12(35)) was
measured directly off the surface of a copper sample. An comparison between the
surface LIF scan (red) and a nominal NO scan sightly away from the surface (blue)
are presented in Fig. 4.14. The expected transition can be seen from the nominal scan
and is centered around an excitation wavelength of 225.405 nm. No other features, at
this temperature, are expected to absorb within the shown range however the surface
scan shows absorption occurring across the entirety of the scan. This indicates the
presences of excited NO directly on the surface that that is absorbing at all different
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frequencies.





















Figure 4.14: Nitric Oxide frequency scan over a copper sample in air on the surface and




This thesis was intended to advance the current understanding of chemical energy
transport in high-temperature, recombining air plasmas by analyzing NO recombi-
nation in the boundary layer, more specifically, for reactants (N,O) and products
(NO,N2) with a variety of laser-based diagnostics and emission spectroscopy. The
history and importance of NO surface recombination and energy accommodation
were discussed. The operation of UVM’s 30 kW ICP Torch facility and its capabili-
ties were explained, including a detailed description of the recently implemented SFM
scheme and its benefits (no dye changes and improved scan resolution). Additionally,
it presented the selected LIF techniques for O-atom, N-atom and the newly identified
NO scan range that covered a variety of rotational and vibrational transitions that
allows for easier characterization of the energy distribution within the molecule.
Unanticipated emission results showed excited populations of N2(2+) and NO.
Through a series of radial scans in the free stream and non-/fully catalytic surfaces,
it was determined the species were present in the plasma center and that the con-
centrations were affected by the material properties. LIF boundary layer surveys of
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atomic oxygen, nitrogen and molecular nitric oxide have been presented. For the first
time, the facility was able to accurately measure NO translational temperature. Near
the surface, NO absorption and fluorescence was measured over the complete laser
excitation range, even outside of the expected transition, suggesting highly energized
recombined NO directly on the surface. Steps towards precise absolute number den-
sity measurements have been taken with preliminary results showing good agreement
with expected O- and N-atom densities in the free stream.
Future work will be focused on analyzing the emission of NO and N2 to determine
its energy distribution, temperature and absolute densities. Additional effort and
emphasis will be placed on obtaining absolute number densities of NO and improving
the accuracy of the current densities of N-atom and O-atom through improved beam
area measurements and reduced uncertainties on observed lifetimes. With absolute
densities for all relevant species, a mass and energy balance may be used to determine
reaction rates and expand our understanding of the processes and reactions taking
place within the boundary layer.
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Table A.1: NO Gamma
v’ v" Tv′v” qv′v” λ rv′v” Av′v” fv′v” Σ(Rv
′v”
e )2
0 0 44200.30 1.651E-01 2262.43 2.096 9.526E+05 3.655E-04 1.089E-02
0 1 42324.30 2.618E-01 2362.71 2.054 1.416E+06 5.925E-04 1.843E-03
0 2 40476.40 2.363E-01 2470.58 2.016 1.210E+06 5.535E-04 1.801E-02
0 3 38656.50 1.604E-01 2586.89 1.98 7.734E+05 3.880E-04 1.322E-02
0 4 36864.70 9.152E-02 2712.62 1.946 4.050E+05 2.234E-04 7.980E-03
0 5 35100.80 4.650E-02 2848.94 1.913 1.851E+05 1.127E-04 4.224E-03
0 6 33364.80 2.179E-02 2997.17 1.886 7.944E+04 5.350E-05 2.111E-03
1 1 44666.20 1.045E-01 2238.83 2.099 5.781E+05 2.172E-04 6.404E-03
1 2 42818.30 7.501E-04 2335.45 2.139 4.595E+03 1.879E-06 5.776E-05
1 3 40998.50 7.052E-02 2439.11 2.031 3.431E+05 1.531E-04 4.916E-03
1 4 39206.60 1.324E-01 2550.59 1.994 6.358E+05 3.101E-04 1.042E-02
1 5 37442.70 1.322E-01 2670.74 1.96 6.294E+05 3.366E-04 1.184E-02
1 6 35706.80 9.821E-02 2800.59 1.928 4.382E+05 2.577E-04 9.504E-03
1 7 33998.80 6.119E-02 2941.28 1.897 2.424E+05 1.572E-04 6.088E-03
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